A submerged entry nozzle (SEN) for thin slab casters operating at casting speeds as high as 7.5 m/minute was developed based on fundamental grounds of boundary-layer theory and water modeling experiments. Experimental techniques included tracer injection to observe overall fluid flow patterns, high speed video camera and image analysis to follow dynamic changes of meniscus levels and particle image velocimetry to measure water speeds in the mold. This design was compared with two other SEN designs of nozzles under current commercial use at various thin slab casters. Direct comparisons of mathematical simulations and experimental results among the three SEN's evidenced that this new SEN yields very stable flows which are independent from casting speed and nozzle immersion depth. Fluid flow developed by this SEN consists of a double roll pattern without generation of superficial vortices. The two other SEN's yield instable discharging jets due to and excessive shearing effects with the surrounding fluid inducing severe dissipation of kinetic energy which promotes severe tailing effects inducing strong meniscus oscillations. The proposed design has reported good industrial performances and a longer operating life because the slag protection belt suffers less wear thanks to smaller velocities of the bath in contact with the SEN wall.
Introduction
The design of submerged entry nozzles (SEN) is critical for controlling steel flow turbulence in continuous casting molds. This is most important in thin slab funnel type molds, which operate at high casting speeds in confined volumes. Controlling turbulence is also important in order to avoid (1) mold flux entrainment which can transform to slivers in the final product 1,2) (2) to avoid meniscus instability, 3, 4) (3) to evenly distribute heat transfer for uniform shell growth 5) and (4) to attain steady flow conditions. Some slab casting submerged nozzle designs induce strong meniscus instability and high amplitude oscillations of liquid steel in the mold. 6) Takatani et al. 7) found that in a conventional slab mold the horizontal velocity under the meniscus fluctuates strongly. Using a physical model Yoshida et al. 8) identified downward flows at the meniscus along the outer surface of the SEN due to the existence of differential pressure in this region. This descending flow carries down flux that, once reaching the port position, is easily entrained by the discharging jet into the steel bulk. The driving force for the descending flow is the instantaneous difference in meniscus velocity created by bath oscillations. Morales et al. 9) reported that in a four port SEN strong backflows from the upper roll flow are responsible for the existence of strong bath oscillations. This indicates that full port utilization (FPU) is important for the development of new SEN designs. Another factor for SEN design is the avoidance of high free shear strain rates induced by long discharging jets due to an increase in casting speed, as indicated by TorresAlonso 10) et al. Torres-Alonso et al. also reported the existence of energetic vortices formed very close to the SEN due to the existence of biased upper roll flows in a thin slab mold. 11) Other authors claim that bath oscillations, specifically in thin slab molds, have their origin in an intermittentconfined cross-flow which passes through the gap located between the outer SEN wall and the wide mold wall. 12, 13) The highly-turbulent flow history of the fluid flow plays the most important role on energy dissipation and flow behavior. Indeed, the confined flow is a consequence of wall shear and strain rates generated by the walls of the SEN discharging ports as they shape the downstream jet into the mold. To support this hypothesis, more recently, Torres-Alonso et al. 14, 15) performed a detailed study explaining the mechanisms for the generation and dissipation rate of the turbulent kinetic energy through time scales analysis, physical modeling and mathematical simulations. These authors described a periodical dynamic distortion of the meniscus originated by an unbalance of the turbulent kinetic energy accompanied of positive velocity gradients along the discharging jets.
In the present work the authors focused on their effort in emphasizing the role of SEN design on turbulence control and meniscus stability by proposing a new design which is able to attain highly symmetric flows with even liquid distribution in the mold corners and a vortex-free bath surface. This novel design is based on the theoretical aspects of boundary layer and aerodynamics principles applied to steel flow through the SEN. This proposal pursues SEN optimization through low oscillation amplitude, a vortex-free bath surface, small meniscus velocities and homogenous flow distribution at the meniscus level in order to fulfill all user requirements at high casting speeds. In the present work a benchmarking study of different designs was undertaken.
Experimental Description of Water Model
Full-scale water modeling simultaneously satisfies both Reynolds and Froude similarity numbers and is the ideal and most realistic setup for thin-slab modeling. The geometry of this mold is referred to as a funnel mold type due to the rounded enlargement of the thickness in the middle section. This design allows the positioning of the submerged entry nozzle in the mold. The external profiles of the submerged nozzles, hereinafter referred to as SEN-1, SEN-2 and SEN-3, are shown in Fig. 1 . SEN-1 has two lateral ports separated by a tall central divider. SEN-2 has also two lateral ports separated by a short central divider; SEN-3 has four ports, two lateral ones and two in the tip which are separated by long central divider. Main dimensions of these nozzles can be seen in Fig. 1 . These three nozzles have interior thicknesses of 60 mm in the their tips and the thickness of the ceramic body in the same locations is 26 mm. Other dimensions can be seen in the mentioned figure.
The geometries of SEN-1 and SEN-3 were replicated into poured-thermoplastic material; the result was the generation of two plastic models of these SEN's. Regarding SEN-2 an actual SEN was used in these experiments and therefore it was made of conventional alumina-graphite refractory with a zircon belt. A mold-SEN made of plastic set obtained through the operations described here can be seen in Fig. 2 . The first two SENs were selected as benchmark cases for studying their capacity to cast steel at speeds of 5.5 and 7.5 m/min. SEN-3 is an optimized design aimed to accomplish the goals set above. Design of SEN-3, proposed as the most suitable nozzle to cast at high casting speeds, was derived from previous intensive Computer Fluid Dynamics (CFD) simulations using principles of boundary layer theory (mainly ratios between thicknesses of momentum and displacement layers and flow separation phenomena).
16) The mold of plastic was mounted in a steel frame adjusted with sets of screws and bolts. To provide rigidity in order to counteract the water pressure two steel belts located at different heights were fixed around the mold as is seen in Fig.  2 . In the pipe, which transports water from the main deposit to the mold, there is a flow meter and a rubber sealed injection inlet to introduce a red dye tracer into the main stream. This pipe is prolonged near the laboratory ceiling and descends later into the SEN through a 90° elbow. A circular sleeve in the top of the SEN allows a good fitting with the steel pipe to ensure mechanical stability and straightness.
Dynamics of water meniscus was monitored continuously by a Fast Speed Video Camera from Southern Video Systems Inc. *; one half of the mold just in the meniscus, forming a belt from the mold narrow face to the SEN wall, was the region of interest. Actually, a recording speed of only 30 frames per second (FPS) was good enough to follow details of meniscus height variations with time for some given experimental conditions. This recording frequency did not demand large computer memory permitting very good recordings with high resolution of meniscus features. The meniscus profile of each one of the video images obtained was used to calculate the height of the standing waves in the mold generated by the water input through the SEN using the static water level as level reference zero. Those meniscus profiles were characterized and plotted using the image analysis software Origin.
17) Conventional video recordings were also used to study mixing patterns of tracer injected in the SEN.
Finally, fluid flow was also studied using Particle Image Velocimetry (PIV) equipment from DANTEC **. In this equipment coupled charged devices (CCD) capture images of seeding particles, neutral-buoyant in water, interacting with a laser sheet and the signals are processed through Fast Fourier Transforms to obtain velocity fields as it is described in references (18) and (19) . In each case two submersion depths were evaluated, 220 mm (shallow position) and 350 mm (deep position), which were measured from the meniscus level to the bottom of each SEN. The experimental matrix and mold dimensions for the water modeling trials can be found in Table 1 .
Mathematical Model
In order to follow the instantaneous velocities the Large Eddy Simulation 20) model is employed, in this model the instantaneous velocity is the sum of the filtered velocity and the residual velocity. The Navier-Stokes equations are filtered by a box type filter permitting the simulation of large scale eddies. The size of the filter is equivalent to the size of the computational grid, Δ. Therefore, applying the filtration operation the Navier-Stokes equations are transformed in:
Continuity:
. The standard sub-grid model is that proposed by Smagorinsky 21) and is given by,
The filter operation applied on flow variables is indicated by the over-bars. These stresses are equivalent to the Reynolds stresses that result from time or ensemble averaging of the advection fluxes, but differ in that they are consequences of special averaging and tend to zero if the filter width, Δ, tends to zero too. The most common used sub-grid scale models are based on the gradient transport hypothesis which correlates τij with the large scale strain-rate tensor;
. The magnitude of can be evaluated by integrating the spectrum over all resolved wave numbers: 
Initial and Boundary Conditions
Initial and boundary conditions involved uniform plug flow through the body of the SEN. Boundary conditions to solve Navier-Stokes equations include no-slip on walls and zero momentum flux through walls. To estimate the velocity at the first node of the grid near a wall, the wall function was employed together with a damping function proposed by Driest 22) in order to estimate the distance from the wall inside the boundary layer. Pressure boundary condition of 101 325 Pa was fixed at the strand.
The 3D domain of the simulation included the whole submerged entry nozzle and the mold. The mesh size ranges from 2 mm to 5 mm and the total number of nodes in the grid was approximately 1.3 million. Various combinations of casting speeds and immersion depths, as shown in Table  1 , were investigated. The flow field in the mold was computed by solving the continuity and momentum conservation equations in the three-dimensional domain with the 
π α .
LES model described above. The set of governing equations were discretized using the finite volume technique in a computational domain and solved with the help of above boundary conditions using the algorithm SIMPLE 23) (SemiImplicit Method for the Pressure-Linked Equations) to resolve the pressure-velocity coupled in the momentum equation. A criterion for convergence was set as the condition when the sum of all residuals of flow variables is equal to 10 -5 .
Results and Discussion
Dye injections and Particle Image Velocimetry (PIV) were employed in order to characterize the flow pattern for each of the SENs. The dye injection simulated plug flow from the SEN into the mold and also gave a good representation of mixing behavior. Image sequences were captured for both the initial dye injection and a subsequent period of steady-state flow. The images from the water modeling experiments were processed using image-processing software. The results for numerical and water modeling were compared accordingly. Here the most representative results are described and discussed.
Fluid Flow Overview Figures 3(a)-3(c)
give an overview of the fluid flow, visualized through dye injection experiments, corresponding to SEN-1, SEN-2 and SEN-3, at immersion depths of 220 mm and a casting speed of 7.5 m/min. As seen in Fig.  3(a) , SEN-1 provides an upper roll flow without generating an active lower roll flow and creates a stagnant large zone below the nozzle bottom. The meniscus analysis shows heavy depressions at the position of the funnel, inducing the formation of vortices. Similarly, SEN-2 also induces a strong single upper roll flow but without a stagnant zone below the nozzle bottom. However, the presence of severe meniscus depressions remains, thus indicating instability at the position of the funnel. The flow pattern for SEN-3 is shown in Fig. 3(c) . SEN-3 induces a typical active double roll flow in the upper and lower parts of the mold. Moreover, SEN-3 maintains a stable meniscus without the formation of strong vortices or depressions. For SEN-1 and SEN-2 the two different immersion depths show distinctive differences in terms of the resulting flow pattern, as shown in Figs. 4(a) and 4(b) , for a deeper immersion, respectively. In the case of SEN-1 the stagnant zone below the nozzle bottom is decreased. However, the meniscus depression still remains, indicating the presence of surface vortices. At immersion depth 350 mm the flow pattern for SEN-2 experiences more radical changes, since large stagnant zones exist in the mold corners due to nonsymmetric dye mixing behavior. In contrast with the other two SENs, SEN-3, shown in Fig. 4(c) , maintains the double roll flow pattern without leaving stagnant zones and without depressions on the meniscus surface. Therefore, it is evident that SEN-3 provides stable flows which are independent from the immersion depth.
CFD Analysis of Meniscus Stability
Meniscus stability was simulated through CFD under unsteady state conditions using the criterion of the resultant 3-D fluctuating-velocity vector. This velocity vector is used as a monitoring spot for fluctuating velocities. It is positioned 10 mm below the meniscus at the position of the mold funnel for SEN (spot M-n-l in Fig. 5 ). The position of this monitoring spot was chosen because it is just in the transition zone between the straight parallel wide molds and the funnel where the flow is more instable as has been reported in other works. 14, 15) Figures 6(a)-6(c) show the history of instantaneous velocities at the monitoring spot for SEN-1, SEN-2 and SEN-3, respectively, at a casting speed of 7.5 m/min. Figures 7(a)-7(c) corresponds to instantaneous velocity magnitudes at the casting speed of 5.5 m/min. As it is expected, the magnitudes of the instantaneous velocities for the high casting speeds are larger than for the low casting speeds. The comparison of results between Figs. 6(a)-6(c) lead to the following observations:
• SEN-1 creates the highest instantaneous velocities, reaching magnitudes as high as 0.90 m/s. This conveys a high probability for flux entrainment under actual casting conditions. Low velocities, such as 0.03 m/s, are also observed. The average amplitude of the velocity is 0.38 m/s. • SEN-2 is similar to SEN-1, with a low frequency of Figures 8(a)-8(d) , taken at increments of one second, show the dynamic changes of velocity fields in the central plane of the mold for SEN-1 at the shallow immersion depth and a casting speed of 7.5 m/min. As seen in Figs. 8(a)-8(d) , the discharging jets have a long residence time with respect to the surrounding fluid. If the lengths of the jets are approximately in the same order of magnitude as the containing vessel length, as in the present case, highly unstable flows are generated. Such conditions arise because the jets generate shear strains on the surrounding fluid, forming intermittent boundary layers which are unstable. This instability leads to frequent jet oscillations, jet rupture and jet separation. Figures 8(a)-8(d) also show that when both jets oscillate, due to an asymmetric flow pattern, high fluid velocities near the meniscus are induced, thus endangering the slab quality due to possible flux entrainment problems. Figures 9(a)-9(d) show the corresponding fluid flows for SEN-2 and close similarity is found with those of SEN-1, regarding the dynamic behavior of both discharging jets. Meanwhile, Figs. 10(a)-10(d) show the dynamic behaviors of the discharging jets with SEN-3. As observed in the present case, the discharging jets are short and therefore their interaction lengths with the surrounding flow is limited. This decreases the shearing stresses and the possibility of jet breakage and dispersion.
In order to measure water meniscus fluctuations with different SENs, image processing was used to analyze the wave height as is described above. Figure 11(a) shows the averaged wave amplitude on the mold surface. The standard deviation of wave amplitude (stdev) is shown in Fig. 11(b) . For SEN-3 the wave amplitude decreases only slightly when deeper immersed indicating that SEN-3 is less sensitive to the immersion depth changes. As seen in Fig. 11(b) , this nozzle provides larger standard deviations than SEN-2, however, it should be noticed that this later SEN provides flows too much oriented downwards providing a stable meniscus at expenses of large stagnant regions in the upper side of the mold. Then smaller standard deviations yielded by SEN-2 are misleading data as this simply means large unused mold volumes. Therefore, SEN-3 provides the most stable flow conditions during the ramping process within a casting sequence. Figure 12 shows the wave amplitudes, representing a topographical history of the mold surface wave. These topographies express the surface wave fluctuations with respect to time across all three designs and are derived from captured images obtained through the water model experiments. For comparison, only mold surface waves on one side of the nozzle are shown in the picture. The red color indicates the peak of the meniscus and the blue color indicates a valley or depression in the meniscus. Areas shown in green are those that maintain a relatively static or neutral meniscus level.
It is evident that the use of SEN-1 results in the highest wave heights and fluctuations, indicated by the more continuous presence of red peaks, particularly near the meniscus level close to the narrow face of the mold. Level fluctuations in the area close to the SEN also present high magnitudes. In the actual caster such conditions would eventually lead to the entrainment of flux. 24) The larger presence of green areas in SEN-3 indicates a more stable meniscus. It is also important to emphasize the different frequencies of meniscus oscillations comparing the SENs. For example, waves changing with time in the case of SEN-1, have the largest wave lengths and amplitudes, followed by SEN-2 and SEN-3.
PIV Measurements
Since there is an evident relation between the dynamic behavior of meniscus oscillations and velocity fields, this relationship will be discussed in this section. One important note is that the casting conditions have a clear influence on changing the fluid flow pattern thus also affecting heat transfer of steel in the mold, which also affects the solidification. For example, Fig. 13(a) shows the fluid flow pattern of SEN-2 analyzed by PIV measurements for a casting Table 1 . speed of 7.5 m/min at the shallow immersion depth of 220 mm. A typical upper roll flow can be seen in this PIV measurement. However, when the SEN is more deeply immersed, thereby keeping the same casting speed, the related change in flow pattern is shown in Fig. 13(b) . In this case the momentum transfer towards the narrow mold wall is considerably decreased, causing the steel flow towards the bottom part of the port. This condition leaves a very large stagnant zone, from the upper edge of the port to the mold corner, hereby, there is a very slow motion in the meniscus yielding smaller standard deviations of wave amplitude as was discussed above. When using SEN-3 in both immersion depths, the flow pattern does not undergo radical changes as is clearly evident in Figs. 14(a) and 14(b). Moreover, it has been tested in plant trials the improved meniscus stability resulted in longer life of the submerged entry nozzles due to reduced slag line wear in the order of 21% (See Fig. 15 ).
Conclusions
Water modeling experiments and mathematical simulations of fluid dynamics on meniscus stability of a thin slab casting mold have been carried out. By comparing three high-performance SENs a benchmark study was completed. The first SEN has two ports and a long central divider, the second SEN has also two ports and a short central divider. Finally, the SEN proposed here as a candidate to cast at high casting speeds has four ports, two of them in the tip and two lateral ports. All studies performed resulted in the following conclusions:
(1) The fluid flow pattern of liquid steel inside the mold created with the four ports SEN is more symmetric than those provided by the other two SENs.
(2) The amplitudes of the velocity fluctuations at the meniscus level are the smallest using the four ports SEN followed by the SEN with two ports-short central divider and finally the SEN with two ports and a large central divider.
(3) The fluid flow pattern of liquid steel provided by SEN with four ports is relatively independent of the SEN immersion depth. Especially for the SEN with two ports small central divide the flow pattern is highly dependent on the immersion depth.
(4) Statistical analysis of wave amplitudes measured in the water model indicates that the smallest standard deviations and average wave amplitudes are found with the four ports SEN. The four ports SEN induces smaller meniscus oscillations of lower amplitude and higher frequency than the other two SENs.
(5) The four ports SEN is recommended as the best choice to cast steel in modern thin slab casters at high cast- 
